Background {#Sec1}
==========

Pancreatic cancer is a gastrointestinal cancer with high malignancy that can widely metastasize during the early disease stage. Its incidence is higher in men than in women, and the reported male:female ratio is 1.5--2:1. Pancreatic cancer has been reported as the fourth leading cause of cancer-related death in the United States \[[@CR1]\]. Currently, this malignancy is extremely difficult to cure, with a 5-year overall survival rate of \< 5%, and treatment mainly involves surgery combined with radiotherapy and chemotherapy \[[@CR2], [@CR3]\].

Recent studies have demonstrated close relationships between Rho GTPases and the development and metastasis of various human tumors \[[@CR4]\]. Rho GTPase-activating protein 30 (ARHGAP30), a RhoA- and Rac1-specific Rho GAP, is reported to enhance the intrinsic hydrolysis of GTP and may negatively regulate Rho GTPases. ARHGAP30 also plays an important role in the regulation of cytoskeletal organization and cell adhesion \[[@CR5]\]. A previous study showed that ARHGAP30 is required for p53 acetylation and could potentially be used as a prognostic indicator for colorectal cancer \[[@CR6]\]. In addition, ARHGAP30 can inhibit lung cancer cell proliferation and metastasis by inactivating the Wnt/β-catenin pathway \[[@CR7]\]. Accordingly, this study aimed to investigate the role and potential mechanism of ARHGAP30 in pancreatic cancer cells.

Wnt/β-catenin pathway activation has been reported to be a critical oncogenic event in tumor initiation and progression. Studies have demonstrated that Wnt/β-catenin pathway activation is associated with a variety of cellular activities, such as proliferation and metastasis during embryonic development and homeostasis in adult organisms \[[@CR8]--[@CR10]\]. For example, several studies have demonstrated the frequent activation of the Wnt/β-catenin pathway in lung cancer, which can promote cell proliferation \[[@CR11]--[@CR14]\]. The Wnt/β-catenin signaling pathway is also critical to gastrointestinal tumorigenesis \[[@CR15]\]. Key regulators of metastasis such as matrix metalloproteinase-2 (MMP2) and MMP9 have been identified as target genes of Wnt/β-catenin signaling \[[@CR16], [@CR17]\]. Furthermore, studies have demonstrated suppressed tumor angiogenesis and growth in MMP2-deficient mice and inhibited tumor metastasis in MMP9-deficient mice \[[@CR18]--[@CR20]\].

RHOA, a member of the GTPase Rho family, determines essential cellular processes, such as cell migration and survival \[[@CR21]--[@CR23]\]. Previous studies have shown that the inhibition of intracellular β-catenin decreases RHOA activity \[[@CR24], [@CR25]\]. Another study demonstrated an increased basal level of β-catenin signaling in osteoblasts transfected with a constitutively active RHOA mutant \[[@CR26]\]. In summary, the interactions of RHOA and β-catenin signaling in cellular processes remain disputable.

In this study, decreased ARHGAP30 expression was observed in tumor tissues from patients with pancreatic cancer as well as in pancreatic cancer cell lines. Immunohistochemistry (IHC) and prognostic analyses of patient tissues showed that high ARHGAP30 expression was associated with a good prognosis. ARHGAP30 overexpression significantly decreased pancreatic cancer cell proliferation and metastasis; increased apoptosis; reduced β-catenin, B-cell lymphoma 2 (Bcl-2), MMP2, and MMP9 expression; and increased Bcl-2-associated X protein (Bax) and cleaved caspase-3 expression. ARHGAP30 knockdown elicited the opposite effects. Furthermore, the effects of ARHGAP30 knockdown were potently attenuated by the β-catenin inhibitor XAV939. ARHGAP30 knockdown-induced RHOA activity was potently attenuated by the RHOA inhibitor CCG1423. In addition, in vivo experiments involving nude mice showed that ARHGAP30 overexpression significantly inhibited lung metastasis and increased survival of nude mice with lung metastasis. These findings demonstrate that ARHGAP30 may function as a tumor suppressor in pancreatic cancer progression by regulating related genes and the β-catenin pathway.

Materials and methods {#Sec2}
=====================

Patients and tissues {#Sec3}
--------------------

This study included 90 patients who were diagnosed with pancreatic cancer and treated at Wuxi Second Hospital, Nanjing Medical University (Wuxi, China) from June 2012 December 2013 and provided informed consent. Tissue specimens were fixed in formalin and embedded in paraffin and were subjected to IHC staining. The samples from these 90 patients with pancreatic cancer were subjected to a prognostic analysis after an 80-month follow-up. Additionally, 30 paired tumor and adjacent tissues were collected from June 2018 to June 2019 and evaluated to detect ARHGAP30 mRNA expression. The clinicopathological features of all included patients were obtained from medical records and are listed in Table [1](#Tab1){ref-type="table"}. The study protocols involving patients and animals were approved by the Ethics Committee of Wuxi Second Hospital, Nanjing Medical University (Wuxi, China).Table 1Clinicopathological features in patients with pancreatic cancer (n = 90)CharacteristicsNo.Age (years) \< 6037 ≥ 6053Gender Male47 Female43Tumor size (cm) ≤3.041 \>3.049Tumor differentiation Well15 Moderate25 Poor50Lymph node status (stage) N054 N130 N26Lymph node status (stage) was defined by the AJCC 8th edition (N0: node negative, N1: 1--3 nodes positive for metastatic disease, N2: more than four nodes positive for metastatic disease)

Cell culture {#Sec4}
------------

Five pancreatic cell lines, i.e., ASPC1, BXPC3, MiaPaca2, PANC1, and SW1990, and the normal human pancreas cell line HPC-Y5 were purchased from the Cell Bank of the Chinese Academy of Science (Shanghai, China). Prior to the experiments, the cells were cultured in Dulbecco's modified Eagle's medium (DMEM; SH30243.01, HyClone, GE Healthcare Life Sciences, Logan, UT, USA) and cultivated in a 5% CO~2~ incubator at 37 °C. DMEM was supplemented with 10% fetal bovine serum (FBS; 16000-044, GIBCO, Thermo Fisher Scientific, Inc., Waltham, MA, USA) and 1% penicillin and streptomycin (P1400-100, Solarbio, Beijing, China) prior to its use in cell culture.

Construction of lentivirus {#Sec5}
--------------------------

Three specific short hairpin RNA (shRNA) sequences designed to target *ARHGAP30* (Table [2](#Tab2){ref-type="table"}) were synthesized, and shRNA constructs were formed by double-strand annealing. The construct was inserted into the pLKO.1-puro vector at the AgelI and EcoRI restriction sites to yield the pLKO.1-puro-shARHGAP30 plasmid. The following primers were designed according to the *ARHGAP30* sequence (NM_001025598.2): ARHGAP30-Forward (F): 5′-CG[GAATTC]{.ul}ATGAAGTCTCGGCAGAAAGGAAAG-3′ (EcoRI) and ARHGAP30-Reverse (R): 5′-CG[GGATCC]{.ul}TCACAGTCCTTCACCTTTCCCAG-3′ (BamHI). These primers were used to amplify the *ARHGAP30* coding sequence. The amplified sequence was inserted into the pLVX-Puro vector at the EcoRI and BamHI restriction sites to yield the pLVX-Puro-ARHGAP30 plasmid. pLVX-Puro-ARHGAP30 or pLKO.1-puro-shARHGAP30 was mixed with Lenti-X HTX Packaging Mix (Clontech, Tokyo, Japan) and used to transfect 293T cells, and virus particles were harvested 48 h later. The virus titers were measured using Lenti-X GoStix (Clontech, Tokyo, Japan). Pancreatic cancer cells were infected with a multiplicity of infection (MOI) = 10. Puromycin (Sigma-Aldrich, MO, USA) was added to the cell cultures after 48 h to select stably transfected cells.Table 2ARHGAP30 interference sequencesNameSequencesARHGAP30 target site 1 (591--609)CCGGCTCTATGACAAGTTTARHGAP30 target site 2 (642--660)GCGCTTGGTCAAGATCCTAARHGAP30 target site 3 (3516--3534)GCGCAGGTCATATGCATTT

Cell proliferation assay {#Sec6}
------------------------

Pancreatic cancer cells (SW1990 and ASPC1) in the logarithmic growth phase were trypsinized, and a 30,000 cells/ml suspension was prepared under a microscope. Next, 100 µl of the cell suspension was inoculated into a 96-well plate and cultured overnight at 37 °C in a 5% CO~2~ incubator. The cells were then treated with shARHGAP30 lentivirus and the β-catenin inhibitor XAV939 or oeARHGAP30 lentivirus. Cell Counting Kit-8 (CCK-8; CP002, SAB, USA) and serum-free medium were mixed at a volume ratio of 1:10, and 100 µl of this solution was added to each well after 0, 12, 24 or 48 h of culture. After 1 h of incubation, the optical density at 450 nm was evaluated using a microplate reader (DNM-9602, Perlong, Beijing, China).

Transwell assay {#Sec7}
---------------

A transwell assay was performed in a Modified Boyden Chamber (Transwell, Costar, 3422, Cambridge, MA) to evaluate cell migration and invasion. Pancreatic cancer cells (SW1990 and ASPC1) in the logarithmic growth phase were trypsinized and inoculated into a six-well plate at a density of 300,000 cells/well. The cells were cultured for 24 h, followed by a transwell assay after 48 h of transfection. Prior to cell inoculation, the 24-well plates and transwell chambers were soaked for 5 min with phosphate-buffered saline. For the invasion assay, the chambers were additionally coated with 80 µl of Matrigel for 30 min in an incubator at 37 °C. Finally, the cells were starved for 24 h in serum-free medium, and 0.3 ml of cell suspension (200,000 cells/ml) was seeded in each upper transwell chamber; each lower chamber was filled with 0.7 ml of 10% FBS-DMEM. After 72 h of incubation at room temperature, cells that had migrated and invaded the lower chamber were fixed for 10 min with 1 ml of 4% formaldehyde (SF877501, Shanghai Sinopharm, China) and stained with 0.5% crystal violet (C8470, Solarbio) for 30 min. After removing the non-migrating and non-invading cells, the migrated and invaded cells were counted in at least three random fields under a microscope at 200 × magnification.

Cell apoptosis assay {#Sec8}
--------------------

Pancreatic cancer cells (SW1990 and ASPC1) were treated with oeARHGAP30 lentivirus or shARHGAP30 lentivirus and the β-catenin inhibitor XAV939. Apoptosis was detected using Annexin V-fluorescein isothiocyanate (FITC)/propidium iodide (PI) (C1063, Beyotime Institute of Biotechnology) double staining. Briefly, approximately 1,000,000 treated cells were resuspended in 195 µl of Annexin V-FITC binding buffer, to which 5 µl of Annexin V-FITC was added; subsequently, the suspension was incubated for 15 min in the dark at 4 °C. The cells were further incubated with 5 µl of PI for 5 min in the dark at 4 °C. A tube containing cells without Annexin V-FITC and PI was used as a negative control. Subsequently, the apoptotic cells were evaluated using a flow cytometer equipped with BD Accuri™ C6 software (version 1.0.264.21; BD Biosciences, USA).

Real-time polymerase chain reaction (RT-PCR) assay {#Sec9}
--------------------------------------------------

Total RNA was isolated from treated or untreated pancreatic cancer cells using TRIzol reagent (1596-026, Invitrogen). The isolated RNA was quantified, confirmed, and reverse-transcribed into cDNA using a reverse transcription kit (\#K1622, Fermentas). Using cDNA as the template, RT-PCR was performed using the SYBR Green PCR kit (\#K0223, Thermo Fisher Scientific, Inc.) and a Real-Time PCR system (ABI-7300, Applied Biosystems) with the following conditions: 95 °C, 10 min and 40 cycles of 95 °C, 15 s and 60 °C, 45 s. Subsequently, the ARHGAP30 mRNA expression relative to the GAPDH mRNA expression was calculated using the 2^−ΔΔCq^ method \[[@CR27]\]. The PCR primers are listed in Table [3](#Tab3){ref-type="table"}.Table 3Primers used for RT-PCRNamePrimersARHGAP30F: 5′-GGAGGTCAGCAAGGAACGG-3′R: 5′-CAGAGTGGAAGCTAGACGCATG-3′β-cateninF: 5′-AGGAAGGGATGGAAGGTCTC-3′R: 5′-GATGGCAGGCTCAGTGATG-3′Bcl2F: 5′-TCTTTGAGTTCGGTGGGG-3′R: 5′-CACTTGTGGCTCAGATAGGC-3′MMP2F: 5′ CCTTTGCTCGTGCCTTCC 3′R: 5′ TACTCCCCATCGGCGTTC 3′GAPDHF: 5′-AATCCCATCACCATCTTC-3′R: 5′-AGGCTGTTGTCATACTTC-3′

Western blot analysis {#Sec10}
---------------------

RIPA buffer (R0010, Beijing Solarbio Science & Technology Co., Ltd., Beijing, China) supplemented with protease and phosphatase inhibitors was used to isolate total proteins from treated or untreated pancreatic cancer cells. The proteins were quantified using the bicinchoninic acid kit, separated using 12% sodium dodecyl sulphate--polyacrylamide gel electrophoresis (SDS--PAGE), and transferred onto polyvinylidene fluoride membranes (HATF00010, Millipore, USA) by semi-dry transfer. At room temperature, the membranes were blocked in 5% skimmed milk (BYL40422, BD Biosciences) for 1 h. Subsequently, the membranes were incubated overnight at 4 °C with the following primary antibodies: ARHGAP30 (1:100, Ab103402, Abcam), cleaved caspase-3 (1:5000, Ab32351, Abcam), β-catenin (1:5000, Ab32572, Abcam), Bax (1:1000, Ab32503, Abcam), MMP2 (1:1000, Ab92536, Abcam), MMP9 (1:1000, Ab76003, Abcam), Bcl-2 (1:1000, Ab32124, Abcam), and GAPDH (1:2000, \#5174, Cell Signaling Technology \[CST\]). The next day, the membranes were washed with Tris-buffered saline with 0.05% Tween-20 and incubated for 1 h at room temperature with a horseradish peroxidase (HRP)-labeled goat anti-rabbit (A0208) secondary antibody (1:1000; Beyotime, Shanghai, China). The blots were developed with a chemiluminescent reagent (WBKLS0100, Millipore) for 5 min, and the labeled protein bands were exposed using an ECL imaging system (Tanon-5200, Tanon, Shanghai, China). The expression of proteins relative to that of GAPDH was calculated using ImageJ software, version 1.47.

RhoA activity assay {#Sec11}
-------------------

After infection with the ARHGAP30 lentivirus, pancreatic cancer cells were collected and lysed using Cell Lysis Buffer (Part \# CLB01). The lysates were centrifuged for 10 min at 13000 rpm/min and 4 °C, and the proteins in supernatants were collected. The proteins were subjected to a rhotekin-RBD bead pulldown assay for 1 h at 4 °C using the Rho Activation Assay Biochem Kit™ (Cat. \#BK036, Cytoskeleton Inc.). After centrifugation, the beads were washed thoroughly and boiled for 2 min in 20 µl of 2 × Laemmli sample buffer to detach active GTP-bound Rho. Next, the samples were analyzed using 12% SDS--PAGE and immunoblotted using an anti-RhoA antibody (1:500, Cat. \#ARH04, provided with kit).

Hematoxylin--eosin (HE) staining {#Sec12}
--------------------------------

After transfection with the ARHGAP30 lentivirus, the tumor tissues of nude mice with lung metastasis were collected. The tissues were fixed, embedded, and cut into 4-µm-thick sections that were subjected to HE staining. Briefly, the sections were baked in an oven for 30 min at 65 °C, sequentially dewaxed for 15 min in xylene I and II (10023418, Shanghai Sinopharm, China), and then hydrated in an ethanol gradient with concentrations of 100%, 95%, 85%, and 75% for 5 min per concentration (10092680, Shanghai Sinopharm, China). Finally, the sections were rinsed in tap water for 10 min. The sections were stained for 5 min in hematoxylin (714094, BASO), color separated in amino water (10002118, Shanghai Sinopharm, China) for 2 s, and rinsed in tap water for 15 min, followed by dehydration for 10 min each in 70% and 90% ethyl alcohol. Next, the sections were stained for 2 min in eosin (BA4099, BASO) and then dehydrated in absolute ethanol. The sections were hyalinized, sealed, and baked, and images were obtained using a microscopic image analysis system (DS-Ri2, NIKON) that allowed analysis of the relevant areas.

Immunohistochemical (IHC) detection {#Sec13}
-----------------------------------

Paired cancer and adjacent non-cancer tissues were collected from patients with pancreatic cancer, fixed in 10% formalin, embedded in paraffin, and cut into 4-µm-thick sections. The sections were dewaxed and hydrated following the protocols for HE staining. After a 15-min antigen retrieval protocol in 0.01 M sodium citrate buffer (pH 6.0) at room temperature, the sections were blocked in 0.3% H~2~O~2~ in a humidified chamber and incubated for 1 h with Rb-ARHGAP30 (NBP1-84653, NOVUS), followed by 30 min incubation with an HRP-conjugated secondary antibody. Next, the sections were labeled with DAB and stained with hematoxylin for 3 min, followed by alcohol differentiation with 1% hydrochloric acid and rinsing in tap water for 10 min. The sections were then baked in an oven at 65 °C, hyalinized in xylene, and sealed with neutral gum. The sections were baked again prior to imaging and relevant analysis using a microscopic image analysis system (DS-Ri2, NIKON). The IHC results were evaluated by two experienced pathologists, who scored the staining intensity as 0, negative; 1, weakly positive; 2, moderately positive; or 3, strongly positive. The percentage of positive cells was graded as 0, 0--5%; 1, 5--25%; 2, 25--50%; 3, 50--75%; and 4, \> 75%. The staining index was calculated using the following formula: staining index = staining intensity × percentage of positive cells. Low expression was defined as a staining index \< 5.

Nude mice experiments {#Sec14}
---------------------

Nude mice were injected with ASPC1 cells engineered to overexpress ARHGAP30 via the tail veins to establish a nude mouse model of lung metastasis. Lung metastasis was analyzed by HE staining, and the 80-day survival curves of nude mice with lung metastases were calculated.

Statistical analysis {#Sec15}
--------------------

All statistical analysis were performed using GraphPad Prism 7.0 software (GraphPad Software, USA). The results are showed as means ± standard deviations (SD) and represent three independent experiments. Paired or unpaired Student's *t*-*test* was used to analyze differences between two groups, and one-way analysis of variance with Tukey's post-test was used to evaluate multiple group comparisons. A *p* value \< 0.05 was considered statistically significant.

Results {#Sec16}
=======

ARHGAP30 expression was significantly decreased in tumor tissues of patients with pancreatic cancer and pancreatic cancer cell lines {#Sec17}
------------------------------------------------------------------------------------------------------------------------------------

*ARHGAP30* expression in 30 paired cancer and adjacent tissues from patients with pancreatic cancer was analyzed using RT-PCR. As shown in Fig. [1](#Fig1){ref-type="fig"}a, we found that ARHGAP30 mRNA expression in the tumor tissues of patients with pancreatic cancer was much lower than that in the adjacent non-cancer tissues. We also detected and compared ARHGAP30 expression in 90 paraffin-embedded pancreatic cancer and adjacent tissues using IHC. We found that ARHGAP30 protein expression was lower in pancreatic cancer tissues than in adjacent tissues (Fig. [1](#Fig1){ref-type="fig"}b). Fifty-nine of 90 patients died of pancreatic cancer during the 80-month follow-up (high ARHGAP30 expression: 20, low ARHGAP30 expression: 39). Kaplan--Meier survival analysis and log-rank test revealed that ARHGAP30 expression was closely correlated with overall survival in patients with pancreatic cancer (Fig. [1](#Fig1){ref-type="fig"}c). Consistent with this finding, we observed that ARHGAP30 expression was significantly lower in pancreatic cancer cell lines (ASPC1, BXPC3, MiaPaca2, PANC1 and SW1990) than in normal human pancreas cells (HPC-Y5), with relatively low and high expression in ASPC1 and SW1990 cells, respectively (Fig. [1](#Fig1){ref-type="fig"}d). These findings suggest that ARHGAP30 may function as a tumor suppressor during pancreatic cancer progression and that patients with high ARHGAP30 expression have a good prognosis.Fig. 1Significantly decreased ARHGAP30 expression in tumor tissues from patients with pancreatic cancer and pancreatic cancer cell lines. **a** Thirty paired cancer and adjacent tissues were collected from patients, and ARHGAP30 mRNA expression was detected using RT-PCR. **b** Statistical analysis of ARHGAP30 protein expression in 90 paraffin-embedded pancreatic cancer and adjacent tissues. **c** Immunohistochemical detection of ARHGAP30 expression and Kaplan--Meier survival analysis and log-rank comparison of 90 patients with pancreatic cancer, including 59 cases of death (high ARHGAP30 expression: 20, low ARHGAP30 expression: 39). **d** ARHGAP30 mRNA and protein expression in pancreatic cancer cell lines (ASPC1, BXPC3, MiaPaca2, PANC1 and SW1990) and normal human pancreas cells (HPC-Y5) was detected using RT-PCR and western blotting, respectively. \**p* \< 0.05, \*\**p* \< 0.01, \*\*\**p* \< 0.001 vs. HPC-Y5

Lentivirus-mediated ARHGAP30 overexpression and knockdown in pancreatic cancer cells {#Sec18}
------------------------------------------------------------------------------------

ASPC1 cells were infected in vitro with oeARHGAP30 lentivirus, and SW1990 cells were infected with shARHGAP30 lentivirus (shARHGAP30-1/-2/-3). The efficiency of ARHGAP30 overexpression and knockdown was evaluated using RT-PCR and western blotting. As shown in Fig. [2](#Fig2){ref-type="fig"}, we observed significant upregulation of ARHGAP30 mRNA (Fig. [2](#Fig2){ref-type="fig"}a) and protein expression (Fig. [2](#Fig2){ref-type="fig"}c) in ASPC1 cells in response to oeARHGAP30 lentivirus infection, as well as the significant downregulation of ARHGAP30 expression in SW1990 cells infected with three shARHGAP30 lentiviruses (Fig. [2](#Fig2){ref-type="fig"}b and d). Of the three shARHGAP30 lentiviruses, shARHGAP30-1 had the best effect.Fig. 2Lentivirus-mediated ARHGAP30 overexpression and knockdown in pancreatic cancer cells. Pancreatic cancer cells (ASPC1 and SW1990) were infected in vitro with the shARHGAP30 or oeARHGAP30 lentivirus. **a**, **b** The efficiency of ARHGAP30 overexpression in ASPC1 cells was determined using RT-PCR and western blotting. **c**, **d** The efficiency of ARHGAP30 knockdown in SW1990 cells was determined similarly. \*\*\**p* \< 0.001 vs. vector or shNC

ARHGAP30 overexpression suppressed the proliferation, migration, and invasion of pancreatic cancer cells and promoted apoptosis {#Sec19}
-------------------------------------------------------------------------------------------------------------------------------

ARHGAP30 expression was upregulated in ASPC1 cells to explore the function of this protein in pancreatic cancer. As shown in Fig. [3](#Fig3){ref-type="fig"}a--d, ARHGAP30 overexpression significantly inhibited cell proliferation (Fig. [3](#Fig3){ref-type="fig"}a), migration (Fig. [3](#Fig3){ref-type="fig"}b) and invasion (Fig. [3](#Fig3){ref-type="fig"}c) and promoted cell apoptosis (Fig. [3](#Fig3){ref-type="fig"}d). Concurrently, β-catenin, Bcl-2, MMP2, and MMP9 expression was significantly downregulated after ARHGAP30 overexpression, while Bax and cleaved caspase-3 expression was increased (Fig. [3](#Fig3){ref-type="fig"}e); moreover, β-catenin, Bcl-2, and MMP2 mRNA expression was significantly decreased (Fig. [3](#Fig3){ref-type="fig"}f). These results indicate that ARHGAP30 overexpression may ameliorate pancreatic cancer progression by inhibiting proliferation and metastasis and promoting apoptosis via regulation of the β-catenin pathway and related genes.Fig. 3ARHGAP30 overexpression suppressed pancreatic cancer cell proliferation, migration, and invasion and promoted apoptosis. ARHGAP30 was overexpressed in ASPC1 cells. **a** Cell proliferation at 0, 12, 24 and 48 h was evaluated using the CCK-8 assay. **b**, **c** Cell migration and invasion were measured using a transwell assay at 72 h. **d** Cell apoptosis was assessed using flow cytometry at 48 h. **e** The levels of the related proteins β-catenin, Bcl-2, Bax, cleaved caspase-3, MMP2, and MMP9 were analyzed using western blotting. **f** The mRNA expression of β-catenin, Bcl-2 and MMP2 was detected. *\*p* \< 0.05, *\*\*p* \< 0.01, *\*\*\*p* \< 0.001 vs. vector

ARHGAP30 knockdown likely contributes to pancreatic cancer progression by activating the β-catenin pathway and modulating related genes {#Sec20}
---------------------------------------------------------------------------------------------------------------------------------------

SW1990 cells were treated with both the shARHGAP30 lentivirus and the β-catenin inhibitor XAV939, and the mechanism by which ARHGAP30 regulates pancreatic cancer was explored. As shown in Fig. [4](#Fig4){ref-type="fig"}, ARHGAP30 knockdown had the opposite effect as ARHGAP30 overexpression. Furthermore, the increases in cell proliferation (Fig. [4](#Fig4){ref-type="fig"}a), migration (Fig. [4](#Fig4){ref-type="fig"}b), and invasion (Fig. [4](#Fig4){ref-type="fig"}c) induced by ARHGAP30 knockdown were potently attenuated by treatment with the β-catenin inhibitor XAV939, and this inhibitor also significantly reversed the decrease in apoptosis observed in ARHGAP30-silenced cells (Fig. [4](#Fig4){ref-type="fig"}d). In addition, XAV939 treatment reversed the increased expression of β-catenin, Bcl-2, MMP2, and MMP9 proteins and decreased expression of Bax and cleaved caspase-3 in ARHGAP30-silenced pancreatic cancer cells (Fig. [4](#Fig4){ref-type="fig"}e). Collectively, these findings indicate that ARHGAP30 knockdown likely contributes to pancreatic cancer progression via the activation of the β-catenin pathway and modulation of related genes.Fig. 4ARHGAP30 knockdown likely contributed to pancreatic cancer progression by activating the β-catenin pathway and modulating related genes. SW1990 cells were treated with the shARHGAP30 lentivirus and the β-catenin inhibitor XAV939. **a** Cell proliferation was evaluated using CCK-8 assay at 0, 12, 24, and 48 h. **b**, **c** Cell migration and invasion were measured using a transwell assay at 72 h. **d** Cell apoptosis was assessed using flow cytometry at 48 h. **e** The levels of the related proteins β-catenin, Bcl-2, Bax, cleaved caspase-3, MMP2, and MMP9 were analyzed using western blotting. \*\**p* \< 0.01, \*\*\**p* \< 0.001 vs. vehicle + vector, ^\#^*p* \< 0.05, ^\#\#^*p* \< 0.01, ^\#\#\#^*p* \< 0.001 vs. vehicle + shARHGAP30

RHOA activation contributes to the regulation of ARHGAP30/β-catenin in pancreatic cancer {#Sec21}
----------------------------------------------------------------------------------------

We further detected RHOA activity in cells subjected to ARHGAP30 overexpression or knockdown. As shown in Fig. [5](#Fig5){ref-type="fig"}, ARHGAP30 overexpression significantly decreased the level of active RHOA protein (Fig. [5](#Fig5){ref-type="fig"}a), and this level was increased in ARHGAP30-silenced cells (Fig. [5](#Fig5){ref-type="fig"}b); in contrast, the levels of total RHOA were unchanged. Additionally, ARHGAP30 knockdown-induced β-catenin activity was potently inhibited by the RHOA inhibitor CCG1423 (Fig. [5](#Fig5){ref-type="fig"}c). These findings demonstrate that ARHGAP30 might regulate pancreatic cancer cells by inhibiting RHOA activity and thus inactivating the β-catenin pathway.Fig. 5Activated RHOA contributes to the regulation of ARHGAP30/β-catenin in pancreatic cancer. **a** RHOA activity was detected in ARHGAP30-overexpressing ASPC1 cells using western blotting. **b** RHOA activity was detected in ARHGAP30-silenced SW1990 cells using western blotting. **c** β-Catenin was detected using western blotting in cells subjected to ARHGAP30 knockdown and CCG-1423 (RHOA inhibitor) treatment. \*\**p* \< 0.01, \*\*\**p* \< 0.001 vs. vector or shNC; ^\#\#\#^*p* \< 0.001 vs. shARHGAP30

ARHGAP30 overexpression significantly increases survival of nude mice with lung metastasis {#Sec22}
------------------------------------------------------------------------------------------

We generated a nude mouse model of lung metastasis as described in the Methods. As shown in Fig. [6](#Fig6){ref-type="fig"}, HE staining revealed that ARHGAP30 overexpression significantly reduced the level of lung metastasis (Fig. [6](#Fig6){ref-type="fig"}a), consistent with the results shown in Fig. [6](#Fig6){ref-type="fig"}b. In addition, analysis of the 80-day survival curves of the model mice revealed that ARHGAP30 overexpression was associated with a significant increase in the survival rate (Fig. [6](#Fig6){ref-type="fig"}c). These data further suggest that ARHGAP30 may ameliorate the progression of pancreatic cancer by suppressing metastasis.Fig. 6ARHGAP30 overexpression significantly increased survival of nude mice with lung metastasis. The nude mouse model of lung metastasis was established by tail vein injection of ARHGAP30-overexpressing and vector-expressing ASPC1 cells. **a** Lung metastasis was analyzed using hematoxylin and eosin staining (three samples per group). **b** Images of lung metastasis. **c** The Kaplan--Meier method and log-rank test were used to analyze the 80-day survival outcomes of nude mice with lung metastases

Discussion {#Sec23}
==========

In recent years, an increasing number of studies have reported significantly elevated pancreatic cancer incidence and mortality rates and have identified this cancer as a malignant disease with one of the worst prognoses \[[@CR1], [@CR3], [@CR28], [@CR29]\]. Emerging studies have shown that Rho GTPase inactivation can reduce the invasion and metastasis of human pancreatic cancer cells \[[@CR30], [@CR31]\]. ARHGAP5 and ARHGAP21 are reported to regulate cell proliferation, migration, and metastasis in multiple cancers \[[@CR32], [@CR33]\]. In this study, significantly decreased ARHGAP30 expression was observed in tumor tissues from patients with pancreatic cancer as well as in pancreatic cancer cell lines, and high ARHGAP30 expression was associated with good prognosis. ARHGAP30 overexpression significantly inhibited the proliferation, migration, and invasion of pancreatic cancer cells and promoted apoptosis, whereas ARHGAP30 knockdown elicited the opposite effects. These findings suggest that ARHGAP30 functions as a tumor suppressor in pancreatic cancer progression and that the upregulation of ARHGAP30 ameliorates tumor progression.

We investigated the mechanism by which ARHGAP30 regulates pancreatic cancer cells. Previous studies demonstrated the abnormal activation of Wnt/β-catenin signaling in pancreatic adenocarcinoma \[[@CR34], [@CR35]\]. Bcl-2 and Bax play antiapoptotic and proapoptotic roles in cancers, respectively, and the ratio of Bax to Bcl-2 is associated with cell apoptosis \[[@CR36], [@CR37]\]. MMP2 and MMP9 are associated with tumor growth and metastasis \[[@CR19], [@CR20]\]. Caspase-3 is a cysteine protease that regulates apoptosis or programmed cell death, and cleaved caspase-3 is the activated form of this protease \[[@CR38]\]. A previous study found that β-catenin contributes to the carcinogenesis and metastasis of human pancreatic cancer by upregulating cyclinD1, c-Myc, and MMP7 \[[@CR39]\]. In our study, ARHGAP30 overexpression led to significant decreases in the protein expression of β-catenin, Bcl-2, MMP2, and MMP9 in pancreatic cancer cells and significant increases in Bax and cleaved caspase-3. Furthermore, the β-catenin inhibitor XAV939 potently counteracted the effects of ARHGAP30 knockdown in pancreatic cancer cells. These findings are consistent with reports that ARHGAP30 can suppress lung cancer cell proliferation, migration, and invasion by inactivating the Wnt/β-catenin pathway \[[@CR7]\]. We infer that ARHGAP30 likely regulates pancreatic cancer progression by modulating related genes via β-catenin pathway inactivation. In addition, ARHGAP30 overexpression and knockdown respectively led to significant decreases and increases in RHOA activity, and treatment with the RHOA inhibitor CCG1423 counteracted the increased β-catenin protein expression in ARHGAP30-silenced cells. Previous studies have linked RHOA activity to cell adhesion and migration \[[@CR40], [@CR41]\]. In our study, in vivo experiments in a nude mouse model of lung metastasis further demonstrated that ARHGAP30 overexpression significantly increased survival. These findings are consistent with previous reports that RHOA mediates β-catenin activation and modulate β-catenin-dependent induction of target genes \[[@CR24], [@CR42]\]. These results demonstrate that ARHGAP30 might inhibit pancreatic cancer cell metastasis by inhibiting RHOA activity and thus inactivating the β-catenin pathway.

Conclusion {#Sec24}
==========

This study demonstrates that *ARHGAP30* may function as a tumor suppressor gene in pancreatic cancer and that high ARHGAP30 expression is associated with good prognosis. ARHGAP30 overexpression significantly inhibited pancreatic cancer cell proliferation, migration, and invasion and promoted apoptosis, whereas ARHGAP30 knockdown resulted in the opposite effects, likely because of RHOA inactivation and β-catenin pathway inactivation, which modulates the expression of related genes. Thus, ARHGAP30 is a potential novel target for the treatment of pancreatic cancer.

ARHGAP30

:   Rho GTPase-activating protein 30

IHC

:   Immunohistochemistry

Bcl-2

:   B-cell lymphoma 2

MMP2

:   Matrix metalloproteinase-2

MMP9

:   Matrix metalloproteinase-9

Bax

:   Bcl-2-associated X protein

shRNA

:   Short hairpin RNA

FBS

:   Fetal bovine serum

CCK-8

:   Cell Counting Kit-8

FITC

:   Annexin V-fluorescein isothiocyanate

PI

:   Propidium iodide

RT-PCR

:   Real-time polymerase chain reaction

HE

:   Hematoxylin--eosin

**Publisher\'s Note**

Springer Nature remains neutral with regard to jurisdictional claims in published maps and institutional affiliations.

Yongping Zhou and Zhiyuan Hua contributed equally as first authors

Not applicable.

YHZ and TD conceived and designed the study. YPZ, ZYH, YZ, LYW, FMC and TS performed the experiments. YHZ and TD wrote the manuscript. All authors read and approved the final manuscript.

This study was funded by Health Research Projects of Wuxi Health and Family Planning Commission (Q201806) and Health Research Projects of Jiangsu Provincial Health Committee (H2019045).

All data generated or analyzed during this study are included in this published article.

All experiments conducted in this study were approved by the Ethics Committee of Wuxi Second Hospital, Nanjing Medical University and written informed consent was obtained.

Not applicable.

The authors declare that they have no competing interests.
